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Abstract

We describe compressible two-phase flows by a single-velocity six-equation flow model, which
is composed of the phasic mass and total energy equations, one volume fraction equation, and
the mixture momentum equation. The model contains relaxation source terms accounting for
volume, heat and mass transfer. The equations are numerically solved via a fractional step
algorithm, where we alternate between the solution of the homogeneous hyperbolic portion of
the system via a HLLC-type wave propagation scheme, and the solution of a sequence of three
systems of ordinary differential equations for the relaxation source terms driving the flow toward
mechanical, thermal and chemical equilibrium. In the literature often numerical relaxation
procedures are based on simplifying assumptions, namely simple equations of state, such as
the stiffened gas one, and instantaneous relaxation processes. These simplifications of the flow
physics might be inadequate for the description of the thermodynamical processes involved in
various flow problems. In the present work we introduce new numerical relaxation techniques
with two significant properties: the capability to describe heat and mass transfer processes of
arbitrary relaxation time, and the applicability to a general equation of state. We show the
effectiveness of the proposed methods by presenting several numerical experiments.
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1. Introduction

The modeling of multifluid and multiphase flows has applications in numerous fields
of science, largely in many sectors of engineering such as aerospace, naval and nuclear
technologies. In the present work we are interested in the simulation of compressible multiphase
flows that might involve shocks, interfaces, and phase transition processes. Examples of
flows of interest are those occurring in underwater explosions [13], nuclear power plants, and
fuel injection systems. We describe these flows by a hyperbolic single-velocity six-equation
compressible two-phase flow model that we have first studied in [55], and which is a variant of
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the six-equation model presented in [66]. We employ a diffuse-interface approach, cf. [64].
The model system is composed of the phasic mass and total energy equations for the two
phases, one volume fraction equation, and the mixture momentum equation. The model contains
mechanical, thermal and chemical relaxation source terms, accounting respectively for volume,
heat and mass transfer. The considered model belongs to the class of Baer—Nunziato-type [4]
multiphase compressible flow models. The seven-equation two-phase flow model of Baer—
Nunziato [4] (and the variant of Saurel-Abgrall [60]) is the most general model able to account
for velocity, pressure, temperature and chemical potential disequilibria between the phases.
From this full non-equilibrium seven-equation model endowed with relaxation source terms
a hierarchy of relaxed models can be established by considering combinations of infinite-rate
relaxation processes driving the flow to different levels of equilibrium [44]. The six-equation
model considered in the present work represents the relaxed velocity equilibrium model obtained
from the seven-equation Baer—Nunziato model in the limit of instantaneous kinetic equilibrium.
From the six-equation single-velocity model a sub-hierarchy of relaxed models can be then
obtained [24, 45]. In the limit of instantaneous mechanical relaxation we obtain the five-equation
pressure equilibrium model of Kapila ef al. [31]. In the limit of instantaneous mechanical and
thermal relaxation we obtain a four-equation pressure and temperature equilibrium two-phase
model [46, 34, 61, 11, 20], and in the limit of full instantaneous thermodynamic equilibrium
we obtain the three-equation Homogeneous Equilibrium Model (HEM) [73]. Let us note that
the numerical solution method for the six-equation model must be able to approximate solutions
of the relaxed models in the hierarchy when appropriate instantaneous relaxation processes are
activated. We also recall a different four-equation two-phase flow model of the Baer—Nunziato
class, the liquid-vapor Homogeneous Relaxation Model (HRM) with mass transfer of [7, 21],
which does not enter in the aforementioned hierarchy. The thermodynamic closure of this model
consists in the assumption of mechanical equilibrium and vapor phase at saturation, and the
model accounts for thermal disequilibrium.

The considered class of models with relaxation source terms in the literature is classically
solved numerically via a fractional step algorithm where one alternates between the solution
of the homogeneous hyperbolic portion of the model system and the solution of a sequence of
systems of ordinary differential equations for the relaxation source terms [60, 63, 66, 65, 74, 80,
46, 55, 14, 36, 59, 53, 40, 34, 61, 11, 9, 67, 68, 25]. We also adopt here this operator splitting
approach for the numerical approximation of the six-equation model, and for the solution of
the homogeneous system we employ a second-order accurate finite volume wave propagation
scheme [43, 42] based on the HLLC-type Riemann solver that we have presented in [55] (and
which later we have also re-interpreted as a Suliciu-type Riemann solver [19]).

For the numerical approximation of the mechanical, thermal and chemical relaxation
processes often in the literature it is assumed that these processes are instantaneous [66, 65,
80, 36, 59, 34, 61, 11, 14, 68], and this assumption was also made in our previous six-equation
numerical model [55, 53]. This simplifying hypothesis is advantageous because in this case one
does not need to solve the system of ordinary differential equations that govern the relaxation
process, but it suffices to impose equilibrium conditions to obtain a system of algebraic equations
to be solved for the unknown relaxed equilibrium state. The assumption of instantaneous
mechanical equilibrium can be indeed considered appropriate for the flows of interest (see also
for instance the discussion on characteristic relaxation scales in [31]). On the other hand, the
hypothesis of instantaneous thermo-chemical relaxation might be inadequate for the description
of the thermodynamical processes involved in several flow problems. For instance, in some
transient phenomena such as fast depressurizations the delay of vaporization and the appearance

2



of metastable states are key features in the flow evolution, and they can be described only by
models that account for non-instantaneous mass transfer, such as those in [21, 22, 46, 16].
Another simplification often considered in the literature is the choice of a simple equation of
state, the stiffened gas equation of state [66, 65, 80, 36, 59, 34, 14, 9, 67, 68], which results from
a linearization of the more general Mie—Griineisen pressure law [48]. The stiffened gas equation
of state is very convenient for numerical purposes, however it might not allow an accurate flow
characterization over a wide temperature range, and in particular for liquid-vapor flows it might
not provide a precise estimation of the saturation conditions [35]. Some more recent multiphase
numerical models for liquid-vapor flows adopt a slightly more accurate equation of state, the
Noble—Abel stiffened gas equation of state [37, 61, 11, 25], and few models adopt complex and
very precise equations of state such as the IAPWS Industrial Formulation 1997 for Water and
Steam [77], which we have used in previous work [16, 17, 18].

One main objective of the present work is to develop new relaxation techniques for heat and
mass transfer capable to model processes of any relaxation rate, both instantaneous infinite-rate
processes and slow finite-rate ones. We are primarily interested in arbitrary-rate mass transfer
and the capability to model metastable states in vapor-liquid flows with phase transition. Another
objective is the design of relaxation techniques efficiently applicable to a general equation
of state. A known difficulty encountered in the numerical solution of a system of ordinary
differential equations with a relaxation source term is the stiffness of the problem in case of
nearly instantaneous relaxation, which would require computationally expensive implicit time
integration techniques. Our idea consists in describing the relaxation processes by systems
of ordinary differential equations obtained from the governing two-phase equations that admit
analytical semi-exact exponential solutions. Similar approaches using exponential solutions to
solve stiff relaxation systems were used for instance in [21, 28, 54, 3, 16, 17]. Let us remark
some differences with respect to our previous work [17, 18] on relaxation techniques for non-
instantaneous heat and mass transfers and general equation of state. The principal thermal and
chemical relaxation procedures proposed in [17, 18] were based on relaxation systems derived
from physical principles solved numerically via explicit Runge—Kutta methods with adaptive step
size. These explicit methods were not suited for stiff problems, and the employment of implicit
solvers was found too computationally expensive, thus the procedures were not adequate for stiff
instantaneous or nearly instantaneous processes. To solve problems with infinite-rate transfers
alternative techniques based on exponential solutions were briefly proposed in the Appendix
of [17]. Nonetheless these techniques were specifically aimed at the limit case of infinitely fast
relaxation and built differently with respect to the procedures of the present work. In particular it
was assumed a priori an exponential decay of the pressure, temperature and chemical potential
differences, whereas in the present work the relaxation systems with exponential solution are
obtained from the equations of the two-phase parent and relaxed models after assuming some
quantities constant during the relaxation process.

The relaxation procedures developed here results to be simple, robust and effective, and
by construction they can be also used for other two-phase models belonging to the hierarchy
established from the Baer—Nunziato model. Moreover, the techniques guarantee consistency of
the values of the relaxed states with the mixture pressure law, so that the numerical method is
mixture-energy-consistent in the sense defined in [55].

This article is structured as follows. In Section 2 we present the six-equation two-phase flow
model under study. In Section 3 we recall the hierarchy of relaxed models established from the
parent six-equation model. Examples of equations of state to close the model systems used in
the numerical experiments are reported in Section 4. In Section 5 we outline the fractional step
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method employed to solve the two-phase equations. In Section 6 we recall the wave-propagation
scheme used for the solution of the homogeneous system, and we detail then in Section 7 the new
relaxation techniques to treat the phase transfer source terms. Numerical experiments are finally
presented in Section 8, including tests with shocks, interfaces, evaporation waves and metastable
states.

2. Single-velocity six-equation two-phase compressible flow model

We consider a compressible flow composed of two phases that we assume in kinetic
equilibrium with velocity #. The volume fraction, density, pressure, specific internal energy
of each phase will be denoted by ay, pr, pr, €, k = 1,2, respectively. We will denote the
phasic internal energy per unit volume with & = pi&, and the phasic total energy per unit
volume with E;, = &; + pk%. The saturation condition is @} + @, = 1. The mixture density
isp = Z%:l P , the mixture internal energy per unit volume & = Zi:l @&y , and the mixture
total energy E = Zl%:l axEy . The nomenclature of the variables is summarized in Table 1. We
describe the two-phase flow by the following system [55] consisting of 5 + d equations, where d
denotes the spatial dimension:

01 +ii-Vay =P, (1a)
O(@1p1) + V- (a1p1il) = M, (1b)
0i(@p2) + V - (aapril) = =M, (lc)
d,(pid) + V - (pil ® it + (a1 p1 + a2p2)]) = 0, (1d)
O E) +V - (a(Ey + p)il) + 2 = —piP + Q+ (1 + L) M, (le)
IrEr) + V- (aa(Ey + p)il) - = piP - Q- (81 + T)M, (1f)

where the non-conservative term 2 appearing in the phasic total energy equations is given by

2 2

=—ii-Z, EZ =Y,V(a1p1) - Y1V(e2p2). (1g)
Here Y; = % is the mass fraction of phase k. Above we have denoted with P, Q and M the
volume, heat and mass transfer terms between the two phases. These transfer terms are expressed
as relaxation terms:

P=upr—p), Q=HT>-T1), M=v(g—g1), 2

where T} denotes the phasic temperature, and g, the phasic chemical potential. u > 0, ¥ > 0,
v > 0 are parameters or more generally functions expressing the rate of mechanical, thermal
and chemical relaxation, respectively. Here we are interested in modeling flows in mechanical
equilibrium, hence we will always consider that mechanical relaxation is an instantaneous
process, thus we assume y — +co. Indeed, following the same idea of [65, 66, 55], the parent
non-equilibrium two-phase flow model with instantaneous pressure relaxation (1) is used to
approximate solutions to the limiting pressure-equilibrium flow model (see model (9) in section
3.1), which is the physical flow model of interest. Concerning thermal and chemical relaxation,
in contrast to [65, 55], no specific assumption is made for the heat and mass transfer rate, and
hence for ¢ and v (provided ¥, v > 0). The quantity py is an interface pressure and g is an
4



interface chemical potential. The definition of the relaxation parameters or functions and of the
interface quantities needs to be consistent with the second law on thermodynamics, namely the
entropy production for the mixture must be positive. Sufficient conditions are (see proof in [24])
u, 3, v >0and

p1 € {min(py, p2), max(pi, p2)}, & € {min(g1, g2), max(gi, g2)}. 3)

Hence, it suffices to define the interface quantities p; and g; as convex combinations of the
respective phasic quantities. Concerning py, for our numerical tests we have used the definition
Z8p1+Z¢

~§%+Zi‘p2
acoustic impedance of phase k. Other definitions are possible, for instance the one suggested
in [60], p1 = @|p; + azp;. Concerning g;, we will see that we do not need to define it in
our numerical scheme. To close the model system an equation of state for each phase must
be provided, for instance through the specification of the pressure relations pi(&Ex, o) and the
temperature relations T¢(px, px). If thermo-chemical transfer terms are not considered, then the
specification of the pressure laws px(&Ex, pr) (incomplete equation of state) suffices to solve the
model system.

The two-phase model above is hyperbolic and the eigenvalues associated to the direction 72

are givenby Ay sy =d-AFcg, 4y =u-it,forl =2,...,4+d (eigenvalue of multiplicity 3 + d).
Here c¢ is the non-equilibrium (frozen) speed of sound, given by

e = yYicd + Yacl, 4)

where c; , kK = 1,2, is the speed of sound of phase k, which can be expressed as:

¢k = VIhe + xi @)

where hy = (& + pr)/px is the specific enthalpy of phase &, and

0 0
Iy = (ﬂ) L = (ﬂ) . ©6)
Pr &

proposed in [62, 66], which we already used in [55]: p; = , Where Z! = picy is the

& Opx

Note that the sum of the phasic total energy equations recovers a conservation law for the mixture
total energy E = Y7, ai Ey:

OE+V - (Eil + (a1p1 + a2p2)il) = 0. (7
For later use, let us also write here the equations for the phasic pressures:

_1\k-1
Oupi+ - Vpi+ iV - il = S (=[Tu(E + p) + xupdP + TiQ + (Nigr + xOM), k= 1,2,
®)

3. Hierarchy of single-velocity relaxed two-phase flow models

From the parent six-equation non-equilibrium model (1) presented in the previous section
we can establish a hierarchy of hyperbolic relaxed single-phase two-phase flow models by
considering the limit of combinations of instantaneous relaxation processes, see [24, 45]. The
p-relaxed and pT-relaxed model equations recalled below will be used in the construction of the
relaxation procedures in Section 7.2.
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P = phasic density

ay = volume fraction of phase k (@] + ap = 1)
il = velocity vector

& = phasic specific internal energy

&Er = pi & = phasic internal energy per unit volume

Ey =& +px % = phasic total energy per unit volume

Pk = phasic pressure

Pm = Q1p1 tazp>

p = mixture equilibrium pressure

p1 = interface pressure

p = a1p; + @p; = mixture density

Yy = % = mass fraction of phase k (Y| + Y, = 1)

€ = Y€1 + Y&, = mixture specific internal energy

& = pe = @181 + a»&E; = mixture internal energy per unit volume
E=&+ %,o|12’|2 = a1E| + xx E, = mixture total energy per unit volume
By = Gpe — phasic specific enthalpy

Pk

h =Y h, + Y>h, = mixture specific enthalpy

cr = (%)u = sound speed of phase k
e = 4V c% + Yzcg = non-equilibrium (frozen) mixture sound speed
T} = phasic temperature

T = mixture equilibrium temperature

sx = phasic entropy

s = Y151 + Y25, = mixture entropy

gi = phasic chemical potential

g1 = interface chemical potential

n-(2)

Griineisen coefficient of phase k

= (2
ke = (0/>k )Sk
o = (g%) = —oiBr,  Br = phasic coeflicient of thermal expansion
Pk
b = <% ;= Kk,  Kri = phasic isothermal compressibility
k
Ksi = pﬁ = phasic isentropic compressibility
k
Kpie = T (g‘—;‘k')pk = (f;’—;i)pk =specific heat capacity at constant pressure

— I8y _ [ O&x _ . .
Kok = Tk (ﬁ)Pk = (ﬁ)pk =specific heat capacity at constant volume

Cpr = agpikpr = phasic extensive heat capacity at constant pressure

Table 1: Nomenclature of variables.




3.1. Five-equation p-relaxed two-phase flow model

We assume that the flow is driven instantaneously to mechanical equilibrium, p; = p> = p,
hence we consider ¢t — +c0. The p-relaxed (pressure equilibrium) model, corresponding to the
well known Kapila er al. model [31] (see also [49]), consists of 4 + d equations:

Qi + - Vay — 252(02¢3 = piep)V - il = 35 (@l + i 12)Q + 35 (@awn + arwp)M, - (9a)

di(a1p1) + V- (aipril) = M, (9b)
O(arp2) + V - (appril) = -M, (9¢)
B,(pit) + V - (pit @ it + pl) = 0, (9d)
OE+V-(E+pi)=0, (%e)

where
D = a1p265 + aapi ] (10)

and

o =Tgr—h) +ci =g +xie, k=12, (11)

The derivation of the above p-relaxed system from the parent system (1) is detailed in
Appendix A, and it has been also illustrated in our work [56] for a more general N-phase model.
Given the phasic energy laws Ei(py, px), the mixture pressure law p = p(&, p1, 02, ;) for this
model is determined by the mixture energy relation

E=aE1(p,p1) + 2E(p,p2), (12)

where we have used the isobaric condition p; = p, = p. The speed of sound associated to the
model is given by the well known Wood’s speed of sound

. )
¢ =[pz ﬂ] . (13)

2
k=1 pkck

=

2
Note that the term D (10) can be written in terms of ¢, % = p];%. The pressure equation is:
1P2¢3

Oip+i-Vp +PC§,V it = [(Flpzcﬁ - Dop1c)Q + (p2cswp —91€%w12)M] . (14)

Let us now write the equations for the phasic temperatures Ty, k = 1,2, which we will use in the
following:

2
pc 1
a;Tk+IZ'VTk+¢—p(—§k+—2]V'IZ
k

Sk
1
= — [(—1)]‘& (@2l + a1l2) = G(Tpacs — FZPIC%)]Q 15)
érD ax
1 ((-D' 1
+ —{ + — (—1)](&(0120)11 +a1wp) - Glpacson — piciop) | M,
b a D a
where we have introduced the derivatives
0 0
¢ = (ﬂ) = —pf and g = (ﬂ) = 0K, (16)
aTk Pr 3Pk Tk
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where ;. denotes the coefficient of thermal expansion and K7, the isothermal compressibility.
Note also that we have the relations:
Ik TiCpp

,Bk = = and (](Tk - J(Sk
2 2 2 C
Ck cka/kpk PiKpk pkck pk

2T, 1 2T
ﬂkk: +,8kkk, (17)

Ohy

where K, = ol > is the isentropic compressibility, and where Cp; = agpikpr and kp; = T |pk—

tﬂi
kot I pe”

3.2. Four-equation pT -relaxed two-phase flow model

We now assume that the flow is driven instantaneously to both mechanical and thermal
equilibrium, py = p» = p, Ty = T, = T. Hence we consider the limit 4 — +4co and
©? — +oco. We obtain the following reduced model composed of 3 + d equations (used for
instance in [46, 34, 61, 11, 20]):

Aap) +V - (aip1il) = M, (18a)
Oarp) + V - (aopril) = - M, (18b)
B,(pit) + V - (pit @ it + pI) = 0, (18¢)
OE+V-(E+p)i)=0. (18d)

The mixture pressure law p = p(&E,p1,p2) is determined by the energy relation (12), together
with the isothermal condition T';(p, p;) = T2(p, p2). The speed of sound for this model is given
by

11 pTcplcpz(r2 r )2 19
szaT 2 Cpn+Cpulpc pic?)’

where we recall Cp,; = ayprk i (extensive heat capacities). Let us finally write also the equations
for the volume fraction «, the temperature 7 and the pressure p:

1 1 TC,,C I I I I
0,a1+,z-vm+p6§r[maz(———)+—”l P2 (—2 L )[al 2, > IJ}V-IZ

pc; pict) Cpi+Ca\pacs  pict )\ pacs  pici
=MS,, (20
P
pcrT (CyI'y  Cpol
O,T +il-VT + —2L ( p121+ pzzzJV-ﬁ=MSr, 2n
Coi +Cp2 \ picy 0265
Op+il-Vp+pc Vil = MS,, (22)
where
1 a
So = Dy (Fi+172)(011¢1 +ax) + ajan ();—1 - F—)(¢|§2 = $l)|, (23a)
1 [y x pici pac;
Sr=— |2 23b
=D, »(Fz )(01(192+C¥2[291)+(F1 T (a/lfl+a'2§2)+r F 2 (02—p1) |, (23b)
1| P2 Pl
Sp = Dy ()%—r—)(alfmpz + azrp1) + (—2——](01¢1 +012¢z)} (23¢)

I, I
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with 5 )
picy P26,y

Dy = alaz(r—] - r—z)(%{z = $01) + (?—: + ;{_2)(01‘?1,02 + a2¢201) . (23d)

The derivation of these expressions of S,, Sr, S, will be illustrated in Appendix B.

3.3. Three-equation pT g-relaxed two-phase flow model

For completeness, we also recall the relaxed model obtained by assuming full thermodynamic
equilibrium, p; = p, = p, Ty = T, = T, and g,= g,. Hence we consider the limit g — +oo,
¥ — +oo0, and v — +00. We obtain the homogeneous equilibrium model (HEM) composed of
2 + d equations (see e.g. [73, 12, 16, 26]):

8,0+ V- (pil) =0, (24a)
8,(pit) + V - (pit @it + pI) = 0, (24b)
E+V-((E+pi)=0. (24c)

The mixture pressure law p = p(&, p) is determined by the energy relation (12), the isothermal
condition T (p, p1) = T2(p, p2), and the equilibrium condition g(p, T) = g2(p, T). The speed of
sound is given by (see e.g. the systematic derivation of the speeds of sound of the various models
in the hierarchy in [56])

LN pT _ [[Cpi I2Cp 1 (dT 2
NG > T (—) (Cp + sz)] : (25)
Cprg  Cpr 1+ Cp2 | pic pac: T \dp)y

We remark that subcharacteristic conditions hold for the speeds of sound of the two-phase flow
models in the hierarchy [24]:
Cprg S Cpr S Cp S Cf - (26)

The speed of sound is reduced whenever an additional equilibrium assumption is introduced.

4. Equation of State (EOS)

As indicated in Section 2 for the solution of the six-equation model (1) an equation of state
must be specified for each phase. Let us note that in the numerical model we require that the two
phases are both always present and a region of a pure phase k is approximated by a mixture with
volume fraction @y = 1 — €, where 0 < € < 1 is a small tolerance. For this reason, the equation
of state of each phase must have a domain of validity that covers the entire thermodynamic
domain of the problem of interest. The numerical techniques that we will present in the following
sections can be employed for any choice of the equations of state for the two phases, provided
each EOS in the considered domain has physically admissible states, px, & > 0, and it satisfies
the thermodynamic constraints k,; = Ty (g—}i)pk > (0 and (%)Tk < 0, v = 1/p. For the numerical

experiments in the present work we will consider two particular equations of state, which can

both be written in the form of the Mie—Griineisen equation of state recalled hereafter. Let us

remark that in several applications with phase change liquid and vapor of a species are described

by a single equation of state, such as cubic equations of state like the Peng—Robinson EOS [57],

or accurate multi-parameter equations of state such as the GERG-2008 EOS [33] or the IAPWS-

IF97 EOS [77]. A single EOS of this type could be employed in the present numerical model only
9



for problems for which the thermodynamic domain is covered by the two-phase mixture domain
of these equations, since in this domain an equation of state for each phase can be constructed
(see e.g. [18]). We also note that the single liquid-vapor equations of state exhibit an inadmissible
region of thermodynamic instability (the region of the saturation dome between the two spinodal
curves), this limiting the domain of applicability. In contrast, the approach used in the present
work that models phase change as a kinetic transformation does not present unstable regions (we
refer to the detailed discussion in [66]).

4.1. Mie—Griineisen equation of state

The incomplete Mie—Griineisen equation of state has the form (see e.g. [48]):

P&, p) = I'(p)E = pe:(p) + pr(p) » 27

where I'(p) is the Griineisen coefficient defined for a general EOS as in (6), and &:(p), p:(o) are
reference specific energy and pressure functions, respectively. An extension of this incomplete
EOS to a complete one can be found in [47]. Many equations of state can be written in the form
(27), including the JWL and NASG equations of state reported below.

For two-phase flows in mechanical equilibrium where each phase is governed by an equation
of state with the form of the Mie-Griineisen EOS, it is possible to obtain an explicit expression
for the mixture pressure law (12):

T T. )
E = (a1p1&(p1) + a202802(p2)) + (Ch I}IIT(’::)) + azl}j—((ﬁzz))

P&, p1,p2, 1) = 0, @ ) (28)
Tin © Talod)

This is an important advantage from the numerical point of view, since solving an implicit
equation for the pressure can be computationally expensive.

4.2. Jones—Wilkins—Lee (JWL) Equation of State

The Jones—Wilkins—Lee (JWL) EOS [39] has been extensively used to model gaseous or
solid explosives, and it has the form (27) with:

o) =Ty, (292)
fp) = ——e T 4 Lo g, (29b)
r1Po
PO PO
pp) =ae v +be 7 (29¢)

where Iy, po, 1, 12, € are material-dependent parameters.

4.3. Noble-Abel Stiffened Gas (NASG) Equation of State

The Noble—Abel Stiffened Gas (NASG) Equation of State introduced in [37] combines the
stiffened gas EOS [48] and the Noble—Abel EOS. It has the form:

-1
PER = {1 (&= 1) 7. (302)
1—-pb
T(pp) = SLELD, (300)
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Here y, @, n, b, k, are material-dependent constant parameters. The coefficient b represents the
covolume of the fluid and the choice b = 0 gives the classical stiffened gas equation of state. We
can observe that the pressure law in (30a) has the form (27) with

re)=is, &=n1. p=-yo 31)

Let us also write the expression of the specific entropy s, the specific enthalpy 4, and the chemical
potential (equal for a pure constituent to its specific Gibbs free energy) g = h —T's:

T ~
s(p,T) = k,log prapt +1, (32a)
h(T’p):KpT-i_pr’_n, (32b)
TY
g(p, T) = (')/KV — f])T — KVT lOg W +n+ bp, (32C)

where «, = yk, (specific heat capacity at constant pressure) and # are constant parameters. Let
us note that the speed of sound can be written:

p+w
- i 33
=N = pb) 53)

Finally, we can write the expressions for the derivatives in (16):

o=-L0-pb) and ¢ (1-pb). (34)

C Ty = Diy +b(p + @)
4.3.1. Saturation curves

For applications to two-phase flows with liquid-vapor transition, given the equation of
state for each phase, the theoretical pressure-temperature saturation curve is determined by the
equilibrium conditions p; = p, = p, T) =T, =T, g1(p,T) = g2(p,T). Assuming here each
phase governed by a NASG EOS, the equilibrium relations give the following equation:

B E
A+ 75 + CslogT + Dslog(p + @) — log(p + @w2) + pTX =0, (35
where
Kpl — Kpp — Tj1 + 1] - Kp2 — K Kp1 — K by -b
A, = pl p2— M Uz’Bszm n2,CS= p2 pl,DJ: pl vl,ES: 1 2'
Kp2 — K2 Kp2 — Ky2 Kp2 — Ky2 Kp2 — K2 Kp2 — K2

(36)
The constant parameters in the NASG equations of state of the two phases are determined so
that the associated theoretical saturation curves match the experimental saturation curves for the
considered material, at least in a certain temperature range, see [37]. The Tables 3-5 reported
in Section 8 contain sets of parameters determined in [37] for water, Table 4 contains a slightly
modified set of parameters for dodecane taken from [37].

5. Numerical method

We now consider the numerical solution of the six-equation model (1), which we rewrite here
in compact vectorial form, denoting with ¢ € R3*? the vector of the unknowns:

0iq+ V- f(q@) +0(q,Vq) = . (q) + ¥s(q) + ¥ (q), (37a)
11



(03] 0 L?’-Val

@101 (1/1,0117 0
_| @p2 _ il B 0
=\ i | (@)= pit® i+ (1) +aap)] | o(q,Vq) = 0 ., (37b)
a1 E; ay (Ey+p)id >
@ Ep @ (Ey + po)il _y
P 0 [ 0
0 0 M
0 0 -M
lfl’/l(q) = 0 s klfﬂ(CI) = 0 s Wv(q) = 0 , (370)
-piP Q (gl + lﬁ% M
P -Q ,—(gﬁ%)M_

with 2(g, Vg) defined in (1g). Above we have put into evidence the conservative portion of
the spatial derivative contributions in the system as V - f(g), and we have indicated the non-
conservative term as o(g, Vgq). The source terms v,,(q), ¥9(q), ¥, (¢g) contain mechanical, thermal
and chemical relaxation terms, respectively, as expressed in (2).

To numerically solve this system we use a classical fractional step method, where we
alternate between the solution of the homogeneous hyperbolic portion of the system via a
wave-propagation finite volume scheme and the solution of a sequence of ordinary differential
equations accounting for the relaxation source terms. Denoting with 7,,, 79, 7, the characteristic
times for mechanical, thermal, and chemical relaxation, respectively, let us note that the
underlying assumption here is 7, < 79 < 7, (cf. for instance [31]). The algorithm consists
of the following steps:

1. Solution of the homogeneous hyperbolic system

dq+ V- flg)+0(q,Vg) =0. (38)
In the following we will denote with the superscript O the quantities computed in this step.
2. Relaxation steps

2(a) Instantaneous mechanical relaxation. We solve in the limit g — +oco the system of
ODEs

0:q = Yu(q). (39

This step drives instantaneously the flow to pressure equilibrium. We will denote
with superscript * the quantities computed in this step.

2(b) Thermal relaxation. We solve

0q = Yu(q) + Ys(q), (40)

with u — +oo. This step drives the phases towards thermal equilibrium, while
maintaining pressure equilibrium. We will denote with superscript ** the quantities
computed in this step.
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2(c) Chemical relaxation. We solve

0iq = ¥ (q) + ¥s(q) + ¥,(q), (41

with u — +o0. This step drives the phases towards full thermodynamical equilibrium,
while maintaining pressure equilibrium. We will denote with superscript ® the
quantities computed in this step.

Let us first observe that the step 2(a) is always activated since we model flows in mechanical
equilibrium. The steps 2(b) and 2(c) might be activated or not depending on the problem of
interest, and, moreover, they might be activated only at selected locations, typically at interfaces,
identified by min; @, > €, where € is a given tolerance (e.g. 107%). If thermal and chemical
relaxation are activated unconditionally then the numerical model approximates solutions to the
pT g-relaxed model (24).

5.1. Mixture-energy-consistency

In the design of the fractional step method indicated above it is important to ensure mixture-
energy-consistency, in the sense defined in [55]. Let us denote with superscript # the quantities
computed in any of the relaxation steps of the above algorithm, # = *, %%, ®. Let us then denote
with E®C discrete values of the mixture total energy that come from a conservative approximation
of the conservation law for E in (7). We say that the numerical scheme based on the fractional
step algorithm above is mixture-energy-consistent if the following two properties are satisfied:

(1) Mixture total energy conservation consistency, i.e. conservation at the discrete level of the
mixture total energy:
E" = E°C, (42)

where E0 = (Q’]El)o + (a’zEz)O.

(i) Relaxed pressure consistency, i.e. consistency of the values of the relaxed states with the
mixture pressure law for pressure-equilibrium flows (12):

& = alei(p*, o) + di&(p*, ph), (43)

0.0 10
where &° = E0 — %

6. Solution of the homogeneous system

To solve the hyperbolic homogeneous portion of (37) we employ the wave-propagation
algorithms of [43, 42], which are a class of Godunov-type finite volume methods to approximate
hyperbolic systems of partial differential equations. We shall consider here for simplicity the one-
dimensional case in the x direction (d = 1), and we refer the reader to [43] for a comprehensive
presentation of these numerical schemes. Hence we consider here the solution of the one
dimensional system d;q + 0,f(q) + 0(q,0.q) = 0, ¢ € R® (as obtained by setting il = u and
V = 0, in (37)). We assume a grid with cells of uniform size 4x, and we denote with Q7 the
approximate solution of the system at the ith cell and at time ¢*, i € Z, n € N. The second-order
wave propagation algorithm has the form

At B At
01" = Qf = (A AQinap + A AQi1p) = —(Fiiyjp = Filyp)- (44)
13



Here AT4Q;.1,» are the so-called fluctuations arising from Riemann problems at cell interfaces
(i+1/2) between adjacent cells i and (i + 1), and F’ lh“ , are correction terms for (formal) second-
order accuracy. To define the fluctuations, a Riemann solver (cf. [27, 75, 43]) must be provided.
The solution structure defined by a Riemann solver can be expressed in general by a set of
M waves ‘W! and corresponding speeds s', .# E 3N. Once the Riemann solution structure
(W, 12 st )iz, arising at each cell edge x;.1/2 is defined through a Riemann solver, the
fluctuations A¥AQ;,1,2 and the higher-order (second-order) correction fluxes F’ lh” n in (44) are
computed as

M
AEAQs1p = ) (s, VWi 45)
=1
where we have used the notation s* = max(s, 0), s~ = min(s, 0), and

hooo_ 1 s I at Ih
Fiiip= B |Si+1/2| - Tx |Si+l/2| Wik (46)
=1

where Wi, , are a modified version of W, , obtained by applying to ‘W, , a limiter function
(cf. [43]). In the wave propagation scheme (44) we employ a simple HLLC-type Riemann solver,
which we first presented in [55]. This solver is described in the Appendix C.

7. Relaxation processes

As indicated in Section 5, after solving the homogeneous system (38), we solve a sequence
of systems of ordinary differential equations accounting for the relaxation source terms, namely
the systems (39), (40), and (41). First of all, we observe that for any relaxation process we have

8ip=0, (47a)
0, (pil) = 0, (47b)
0,E=0. 47¢)

Therefore, the mixture density, velocity, total energy and internal energy remain constant during
the transfer processes:

p=const., @=const., E =const., & =const.. (48)

Moreover, if chemical relaxation is not activated, also the partial densities remain constant, since
o(apr) =0,k =1,2:
Py = const. . 49

To completely determine the relaxed states in the mechanical and thermal relaxation steps we
need to determine two independent variables (here we choose as unknowns the volume fraction
a; and the equilibrium pressure p). In the chemical relaxation step we have to determine instead
three variables, since the partial densities vary. It is important to note that for consistency with
the mixture equation of state for flows in mechanical equilibrium (12) the equilibrium pressure
p determined in the all the relaxation steps should satisfy the energy relation (43).

14



7.1. Instantaneous relaxation processes

Before illustrating our new relaxation procedures, let us recall briefly the methods presented
in our previous work [55] for instantaneous transfer processes. The idea is to use for each
process the invariance relations (48), with also (49) for mechanical and thermal relaxation,
and the corresponding equilibrium conditions to obtain an algebraic system for the unknown
relaxed variables. Similar relaxation procedures for instantaneous processes can be also found
for instance in [36, 34, 61]. We summarize here the equations to be used for each step of the
algorithm in Section 5:

2(a) Instantaneous mechanical relaxation. We use the invariance relations (48) and (49) plus
the mechanical equilibrium condition p; = p, = p. In this step we also need to integrate
the phasic energy equations 9,&; = (=1)*pid,;, k = 1,2 between the states 0 and .
To simplify the integration we make an assumption on the interface pressure py, which
we define as a convex combination of the initial value p® and the equilibrium value p*,
prL= ﬁppo +(1-8,)p", By € [0, 1]. In our previous work we set 3, = % [55]or B, = 0[53].
We obtain an algebraic system of equations to be solved for two variables, for instance o}
and p*. In the case of the stiffened gas EOS, the system can be reduced to the solution of
a quadratic equation for the equilibrium pressure p*.

2(b) Instantaneous mechanical and thermal relaxation. We use the invariance relations (48) and
(49) plus the mechanical equilibrium condition p; = p, = p and the thermal equilibrium
condition T} = T, = T. We obtain an algebraic system of equations to be solved for two
variables, for instance @} and p**. For the stiffened gas EOS, the system can be reduced
to the solution of a quadratic equation for p**.

2(c) Instantaneous mechanical, thermal and chemical relaxation. We use the invariance
relations (48) plus the mechanical equilibrium condition p; = p, = p, the thermal
equilibrium condition 7y = T, = T, and the chemical equilibrium condition g; = g>.
We obtain an algebraic system to be solved for three variables, for instance a/?, p®, and
T®. In general, an iterative method is necessary for the solution.

Let us remark that in all these relaxation procedures the energy relation (43) is ensured by
construction, and the resulting algorithm is mixture-energy-consistent (we recall that (42) is
guaranteed by the HLLC method).

7.2. Arbitrary-rate relaxation processes

As we have explained, we will always consider instantaneous mechanical relaxation
processes, so we could adopt the mechanical relaxation procedure used in [55] and described
above. Nonetheless, we will present below a new procedure for pressure relaxation based on
an analytical semi-exact exponential solution, which is particularly advantageous for complex
equations of state. It could be also potentially used for finite-rate pressure relaxation processes
(e.g. [50]), which however are not of interest here.

Concerning heat and mass transfer, we wish to model here processes with arbitrary relaxation
times, hence we wish to design algorithms capable of handling both instantaneous (stiff)
processes and slow finite-rate ones. Let us consider the systems of ODEs in (40) and (41).
We see that during thermal and chemical relaxation we need to guarantee pressure equilibrium,
as represented by the presence in these systems of the pressure relaxation term v, with yu — +oo.
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In addition, during chemical relaxation, we need to account for the thermal relaxation effect, and
in the limit of instantaneous thermal relaxation (¢ — +c0), we need to guarantee temperature
equilibrium, as represented by the presence of the thermal source term iy in (41). Due to these
constraints, for thermal and chemical relaxation it is not possible to use a simple fractional step
method where each source term 9 and i, in the six-equation model is integrated individually.
On the other hand it appears very complicated to try to solve the ODEs with all the relaxation
terms, which have very different characteristic time scales. Our idea consists in modifying the
thermal and chemical relaxation terms ¢y and i, of the six-equation model to translate on them
the effect of the instantaneous pressure relaxation term v, , and also to translate the effect of
the thermal relaxation term ¥y on ¥, . Hence, we replace the system in (40) with a new system
0,9 = g, where g models thermal relaxation under pressure equilibrium, and we replace the
system in (41) with a new system d,q = ¥, , where i, models chemical relaxation under pressure
equilibrium and a thermal constraint, in particular thermal equilibrium. Our technique consists
in employing in this approach the equations of the p-relaxed (9) and pT-relaxed (18) two-
phase models. By using then some simplifying assumptions, analytical semi-exact exponential
solutions are obtained to describe the relaxation processes.

Regarding computational efficiency, as we will detail in the following, in each relaxation
step explicit expressions are employed to compute the independent variables of the relaxed
states except for the equilibrium pressure, which in general is defined implicitly by the energy
equation (12). This equation might require an iterative solution method. However, as previously
noted, for equations of state that can be written in the form of the Mie—Griineisen EOS (as in the
numerical tests in Section 8) an explicit expression for p can be obtained (28), and no iterative
method is required. The proposed new relaxation techniques are in general less computationally
expensive with respect to the class of relaxation procedures for instantaneous transfers based on
the solution of algebraic systems for the equilibrium states described in Section 7.1. Even in the
simple case of the stiffened gas equation of state the chemical relaxation technique of the type
described in Section 7.1 needs an iterative method to find the unknown equilibrium state, this
being computationally more costly than the novel technique proposed here, which for the SG
EOS employs explicit formulas only.

7.2.1. Mechanical relaxation

We propose here a new numerical procedure to model instantaneous mechanical relaxation.
We start by writing the ordinary differential equations governing the relaxation process in terms
of the volume fraction @ and the phasic pressures p; and p,. Based on (1a) and (8) we have the
equations:

01 = u(p1 — p2), (50a)
1
op1 = oo (& + pD) +x1p1] (P2 = P1)s (50b)
1
oipr = My [I2(E2 + p1) + x202] (P2 — P1), (50c)

where u > 0 is considered a constant. The initial condition for the above system corresponds to
the solution of the homogeneous system, denoted with superscript 0. Let us now introduce the
quantities §,f , whose inverse values correspond to the terms multiplying (p, — p1) in the last two
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equations of the system (50):

1

1 1
7 = o @+ po+xiod = o |Dpi=po+ picy| . k=12, (51)
k

o

. . . . . . 0
We now introduce an approximation by assuming f,f constant in time, & = (‘;‘f . Hence we
consider the solution of

1
oip1 = ﬂéﬁ(m - p)s (52a)
1

1
0ipr = —M?(l)z - py)- (52b)
2

From (52) we obtain the following ordinary differential equation for the pressure difference 4p =
p2—Pp1:

1 1
04p = —p (W + %)AP, (53)
& 2
which has the exact solution after a time interval A¢:
Ap* — Ap()e—KPAI’ (54)
where
1 1
Kp =u é_ﬁ + % . (55)
1 2

We consider a process toward mechanical equilibrium, K, > 0, as we expect from the pressure
relaxation terms in the parent six-equation model where volume transfer occurs so that the phase
with the lowest pressure is compressed, and the phase with the highest pressure is expanded if
u > 0. We can now solve the partial differential equation for the volume fraction in (50a) by
using the solution for 4p* in (54). By integrating we find

A 0
14 —K[,At)' (56)

—(1-e
1 1

—_— + —_—

(f‘,’” fg"’)

In the limit of instantaneous pressure relaxation u — +oo the above expression for @, gives the
equilibrium value

* _ 0
ay =a) —

. 4p°
@] e = @) : (57)
RIS
(ff° fé’”)
and the limit equilibrium pressure is:
00 00
. ff P +§§ P (58)
p—o0 0 p0
&8

‘We might then use the two equilibrium quantities (57) and (58) to define the p-relaxed solution in
the step (2a) of the algorithm. However, in contrast to the techniques for instantaneous relaxation
17



described in Section 7.1, in general the pair QT,,,—M and p,,_,., does not satisfy by construction
the relation (43) (with # = =), due to the approximations in the ODEs solution. Hence here we
define the updated volume fraction o} by using the exponential solution (57), but we update the
equilibrium pressure by using the value p* determined by the energy relation

0 0
& = a8 (p*, (“Z’l) )+ & (p*, %) , (59)

=
1 2

The pressure relaxation procedure presented here is particularly convenient when complex
equations of state are used. In fact the procedure used in [55] and recalled in Section 7.1 might
lead to a complex algebraic system needing an iterative method for its solution. In Appendix D
we also show that the relaxation procedure proposed here allows us to ensure velocity and
pressure invariance at material interfaces at least when the stiffened gas equation of state is
used. Let us finally observe that a similar mechanical relaxation procedure was proposed in [17].
However, in [17] the exponential solution for «; is assumed a priori, whereas here it is deduced
from the model equations by assuming the quantities f;: constant in time during the relaxation
process. Moreover in [17] the instantaneous equilibrium case was modeled by an exponential
solution with very small relaxation time, whereas here we use the analytical limit (57).

7.2.2. Thermal relaxation

To describe the thermal relaxation process under the constraint of mechanical equilibrium
p1 = p» we consider here the ordinary differential equations with heat transfer source term
corresponding to the reduced five-equation pressure equilibrium model (9). Specifically, we
write the ODEs governing the thermal relaxation process for this model in terms of the volume
fraction a, and the phasic temperatures 7 and 7,. Based on (9a) and (15) we have the equations:

V4
O = ﬁl—)(Tz -Ty), (60a)
1
0T =9— [—&Z - L(Mpacs — FZPIC%)] (T, = Ty), (60b)
6D | a
1
0,T, = 0—— [&Z - H(Mpacs — 1"2/016%)] (T - Ty). (60c)
& D |y

where D is given in (10) and we have defined:
Z=a2F1+a1F2. (61)

The initial condition here corresponds to the pressure equilibrium solution coming from the
mechanical relaxation step, denoted with the superscript *. Let us introduce the quantities f[,
whose inverse values correspond to the terms multiplying (7, — T;) in the last two equations of
the above system:

1 8Z+ (D' pacs — Tapic) f— 1 )
T ¢.D T
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Analogously to the pressure relaxation step we assume that the quantities §~‘kT are constant in time,
& =&l Hence we consider the solution of

1
0T\ =9 (T, —Th), (63a)
&
1
07> = =9 (12 = T, (63b)
2

We also consider that @} > 0 is a constant. If ¢ is a given function of some variables instead of a
constant parameter, then we fix @ to its value at the state *. From (63) we obtain the following
ordinary differential equation for the temperature difference AT = T, — T:

1 1
G,AT = _ﬁ(ﬁ + ?)AT, (64)
1 2

which has the following exact solution after a time step 4t:

AT = AT e K141, (65)
where
1 1
& 2

We consider a process toward thermal equilibrium, K > 0, as we expect from the temperature
relaxation terms in the parent six-equation model where heat transfer occurs from the hotter to
the colder phase if ©# > 0. We now need to solve the partial differential equation for the volume
fraction in (60a). Assuming that Z/D is constant and by using the solution for 47 in (65) we

obtain
AT*

141
(f?* T )
In the limit of instantaneous temperature relaxation © — +oco the above expression for a; gives
the equilibrium value

@ =al+ (%) (1 — e Krdr), (67)

y «  AT”
a1, o0 = @ + (%) ﬁ’ (68)
(& #)
and the equilibrium temperature is:
*T* + T*T*
Tyooo = M (69)

T T
& +E

To update the solution at the step (2b) of the algorithm we use the relaxed value )" in (67) (or
in (68) in case of instantaneous relaxation), and the pressure value p** determined by the energy

relation 0 o
& =apen[pm ) aen . 222 (70)

Hok sk

1 2
in order to ensure mixture-energy-consistency.
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7.2.3. Chemical relaxation

The chemical relaxation process occurs under mechanical equilibrium and it is coupled to
a thermal relaxation process which is assumed much faster than the chemical relaxation one.
Hence, it is often reasonable to consider a chemical relaxation process occurring under both
mechanical and thermal equilibrium, and here we consider this case. To describe this process
we use then the ordinary differential equations with mass transfer source term corresponding to
the reduced four-equation pressure and temperature equilibrium model (18). Specifically, we
wish to write the ODEs governing the chemical relaxation process for this model in terms of the
volume fraction «, the partial density @;p;, and the phasic chemical potentials g; and g,. First,
let us note that the ordinary differential equations for @ and ap; are given by d,a; = S, M and
0:(a1p1) = M, respectively, based on (23) and (18). We can then write the ordinary differential
equations governing the phasic chemical potentials g, by writing d,g; = ﬁka,pk — 530, T} and by
using the equations 9,7 = Sy M and d,p = S, obtained from (23). We obtain the system:

Oy = vSa(g2 — g1, (7T1a)
SI’

0ig1 =V p_l_slST (g2 — 81, (71b)
SP

082 =v|— — 87| (82 — g1), (71c)
P2

Oi(a1p1) = v(g2 — g1) (71d)

Note that the interface chemical potential g; does not appear anymore in the equations (cf. also
the pT-relaxed model), hence a definition for this quantity is not needed. The initial condition
for (71) corresponds to the solution coming from the thermal relaxation step, denoted with
superscript **. Let us introduce the quantities ff, whose inverse values correspond to the terms
multiplying (g2 — g1) in the two equations for g; of the above system:

& Pr

1 (-D!
= ( ) Sp—SkST, k=1,2. (72)

Analogously to the pressure and temperature relaxation step we assume that the quantities ff are

constant in time, & = &, Hence we consider the solution of

1
0181 = v—(82 — 81) (73a)

prr
&

1
0182 = V= (82— 81) (73b)
2

We also consider that v > 0 is a constant. If v is a given function of some variables instead of a
constant parameter, then we fix v to its value at the state *+. From (73) we obtain the following
ordinary differential equation for the chemical potential difference 4g = g> — g1:

1 1
0,48 = —V(W + W)Ag, (74)
& 2
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which has the exact solution after a time interval At:

Ag® = Ag e kel (75)
where
1 1
Kg =V + o | (76)
3 2

We consider a process toward chemical equilibrium, K, > 0, as we expect from the chemical
potential relaxation terms in the parent six-equation model where mass transfer occurs from the
phase with the highest chemical potential toward the phase with the lowest if v > 0. We now need
to solve the partial differential equation for the volume fraction in (71a) and the partial density
a1p; in (71d). By using the solution for Ag® in (75) we immediately obtain

4g
B S
Assuming now that S, is constant, for the volume fraction we get
4g

1
(&2

Hok

(@1p1)® = (@1p1)™ + ( (1 — e Kedty, (77)

ok

a?=a;+8Y (1 — e Kedry, (78)

In the limit of instantaneous chemical relaxation v — +oo the above expressions for ajp; and a;
give the equilibrium values

- 4g*
@ P = (@1P1)" + (79)
(_ tE )
. Ag
Uy = 0+ S —5 (80)
Ly %)
and the equilibrium chemical potential is:
gk + QFF gy
Qoo = fgl—2g2 (81)

gg** + g**

To update the solution at the step (2¢) of the algorithm we use the relaxed values (a101)® and a/‘f’
in (77) and (78) (or in (79) and (80) in case of instantaneous relaxation), and the pressure value
p® is determined by the energy relation

& = 0%, ( o (@1p1)® ) 26, ( o (@202)% ) 82)

oy a3
in order to ensure mixture-energy-consistency. Let us remark that although the equations (71)
above have been obtained by assuming temperature equilibrium 7, = 7 = T (in addition

to pressure equilibrium), they hold more generally in the hypothesis of a chemical relaxation
process occurring at constant temperature difference T, — T = AT, since in this case 9T = 0T,
and the derivation of (23) in Appendix B can be easily extended to the case in which the variables
associated to the phase k are functions of p and T} with the constraint 7, = T} + AT, AT
= constant. Hence the procedure described in this Section could be also employed to model
chemical relaxation processes with thermal disequilibrium, provided consistent relaxation times
are chosen, since thermal relaxation is physically faster than chemical relaxation.
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Complete evaporation or condensation

It is physically possible that the mass transfer process leads to complete evaporation or
complete condensation, thus to the disappearance of one phase. In such a case the computation
via (78) (or (80)) produces a value a? ¢ (0, 1). To handle this case numerically we proceed as
follows. First, let us recall that in our numerical model both phases must always be present,
therefore we model a pure phase k as a mixture with a volume fraction @ = 1 — €,, where
O<egxl(eg e = 107%). If in the numerical computation we find a‘lg’ ¢ (0,1) we consider
that one phase vanishes hence we set af = @ where @; = ¢, if s;* > 5}* (vanishing of phase 1),
or @ = 1 - ¢ if s{" > 55" (vanishing of phase 2). Then we determine the value of the relaxation
parameter K, that gives the value &, through the formula (78). We find:

(83)
¢ (%‘Fﬁ)
& &

Finally we set (a101)® by using the formula (77) with K, = K,. Let us remark that if an
unphysical value of @; is computed in the pressure and temperature relaxation procedures
previously presented, it suffices to set @; = @;.

8. Numerical experiments

We present in this section several numerical experiments in one and two dimensions. The
algorithm has been implemented by using the basic routines of the cLawpack software [41]. All
the computations have been performed with the second-order wave propagation scheme with the
minmod limiter. In some one-dimensional Riemann problems we plot the exact solution for the
p-relaxed model (9) (see [58]) and the pT-relaxed model (18). These exact solutions have been
computed by extending to the models (9) and (18) the methodology detailed in [30, 29] for the
compressible single-phase Euler equations with general equation of state.

8.1. Numerical tests with only mechanical relaxation

We begin by presenting some numerical experiments where we activate only instantaneous
mechanical relaxation. The aim in particular is to show the good performance of the numerical
model when complex equations of state are employed in problems with strong shocks and
interfaces.

8.1.1. Detonation gas-water shock tube

We consider a two-fluid one-dimensional shock tube problem over the domain [-10, 10] m.
There is an initial discontinuity at x = 0 that separates a left region filled with detonation gases
with density pg,s = 2000kg - m~3 and pressure Dgas = 4.6406 - 10'° Pa, and a right region filled
with liquid water with density pjiq = 1044 kg - m™> and pressure pjiq = 10° Pa. Detonation gases
are modeled by the JWL equation of state with the parameters in Table 2 (taken from [60]), and
the liquid water is modeled by the NASG equation of state with the parameters in Table 3. In
each region we consider a nearly pure fluid with volume fraction 1 — 1078, The initial velocity
is u = 0. We compute the solution with 500 grid cells and CFL number = 0.4. In Figure 1 we
show results at # = 0.9 ms for the density, velocity, pressure, and gas volume fraction, together
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with the exact solution for this problem. We observe the agreement with the exact solution and
in particular the ability of the method to preserve velocity and pressure invariance across and
around the material interface.

Table 2: Material properties for the JWL equation of state modeling explosive.

Parameter | Value (Explosive) Units
£0 1840 [kg/m’]
Iy 0.25
a 854.5 x 10° [Pa]
b 20.5 x 10° [Pa]
rt 4.6
r 1.35
& 0 [1/ke]

Table 3: Parameters for the NASG EOS for liquid and vapor water in the temperature range 300-500 K

phase | 7y @ [Pa] nlikel |7 0/Kg-K)I |« J/Kg-K)] | bm’/ke]
liquid | 1.187 | 7028 x 10° | 1177788 0 3610 6.61 x 107
vapor | 1.467 0 2077616 14317 955 0

8.1.2. Underwater explosion close to a rigid wall

We now perform a two-dimensional experiment. In this test we simulate a cylindrical
underwater explosion (UNDEX) in proximity to a rigid upper surface. We consider a variant of
the test presented in [78], where the authors use a single-fluid cavitation model with a barotropic
equation of state for the liquid (Tait’s EOS) and an ideal gas equation of state for the gas. This
test was presented by the same authors also in [79]. We consider an initial bubble of highly
pressurized gas (combustion products) surrounded by liquid water and located near an upper
flat wall. Combustion gases are modeled by the JWL equation of state with the parameters in
Table 2, while liquid water is modeled by the NASG EOS with the parameters in Table 3. The
considered domain is [-1.35, 1.35] x [-1.5, 0] m2, with the wall at y = 0 m. The bubble initially
is located at (xp,yp) = (0,—-0.32) m, and it has radius r, = 0.05 m. Inside the bubble we set
initially a pressure p = 4.6406 - 10'° Pa, a gas density pg,s = 2000kg/m?, and a gas volume
fraction @gs = 1 — 107, Outside the bubble we set a pressure p = 10° Pa, a liquid density
Piq = 1044kg/m? and a liquid volume fraction ajiq = 1 — 107, Note that the states inside
and outside the bubble correspond to the left and right states of the one-dimensional gas-water
shock tube in the previous Section. This explosion problem is characterized by a complex pattern
of shocks and rarefaction waves [13, 78, 79], which the proposed computational model is able
to predict qualitatively. We use 721 x 400 grid cells with CFL number = 0.4. We show in
Figure 2 plots of the pressure field at six different times (the x-interval of the plots is [-1, 1] m,
smaller than the computational one to better observe the relevant features of the results). In
Figure 3 moreover we plot the time history of the pressure recorded at the point (0,0) at the
center of the flat upper surface until time # = 0.4 ms. At ¢ = 0.03 ms (upper right plot in Fig. 2)
we can observe the circular shock created by the explosion. In the subsequent plots the shock
has reflected from the wall. The shock reflection gives rise to rarefactions that cause a strong
pressure decrease in the zone close to the wall, followed later by a moderate recompression
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Figure 1: Detonation gas-water shock tube problem. Computed results for the density p, velocity u, pressure p, and gas
volume fraction o at time # = 0.9 ms (blue marks *), compared with the exact solution (solid red line).

and then by another expansion. The minimum pressure at the center of the wall is reached at
around 7 = 0.21 ms (corresponding to the lower left plot in Fig. 2), the maximum pressure in the
following recompression is reached at about # = 0.3 ms (lower right plot in Fig. 2). Let us note
that with the chosen setup the expansion regions near the wall do not reach very low pressure
values as in the case of cavitation occurrence, see in this respect for instance the different cases
in [79] related to the chosen geometrical configuration.

8.2. Numerical tests with thermo-chemical relaxation

We now present several numerical experiments where we activate thermal and chemical
relaxation, simulating both instantaneous and finite-rate transfer processes. Concerning non-
instantaneous transfers we report primarily tests with finite-rate mass transfer under thermal
equilibrium, which is our principal interest.

8.2.1. Water two-phase cavitation tube
We consider a one-dimensional water cavitation tube problem, which is a variant of a
numerical test taken from [65] that we performed in [55] with the stiffened gas equation of state
and instantaneous relaxation processes. Initially we have a tube over the interval [0, 1] m filled
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Figure 2: Underwater explosion near a rigid upper flat surface. =~ Computed pressure field at times ¢t =
0, 0.03, 0.06, 0.08, 0.21, 0.3 ms. The thick solid line (magenta color) indicates the water/bubble interface.

with liquid water with a uniformly distributed small amount of vapor, with a volume fraction
@y = 1072 in the whole domain. Initially the pressure is p = 10° Pa and the temperature
T =T, = T, =353 K, which is less than the saturation temperature T (p) = 372.3 K. Note
that initially the phases are in thermal equilibrium but not in chemical equilibrium. A velocity
discontinuity is set at x = 0.5 m at initial time, with u = =2 m/s on the left and # = 2 m/s on the
right. We use here the NASG equation of state for the liquid water and water vapor phases, with
the parameters in Table 3. We perform computations with five different levels of relaxation by
using the techniques detailed in Section 7.2: only instantaneous mechanical relaxation (case
denoted as p-relax in the plots), instantaneous mechanical relaxation and finite-rate thermal
relaxation with ¢ = 2000 Pa/(s - K) (pT'(f)), instantaneous mechanical and thermal relaxation
(pT), instantaneous mechanical and thermal relaxation and finite-rate chemical relaxation with
v = 107 Pa-kg?/(s - J*) (pTg(f)), and full thermodynamic relaxation (pTg). Phase transition
is hence activated only in the two last cases. Let us remark that in this test (following [65])
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Figure 3: Underwater explosion near a rigid upper flat surface. Time history of the pressure at the point (0, 0) at the
middle of the upper surface.

chemical relaxation is activated when the equilibrium temperature is greater than the saturation
temperature, 7 > T (p) (this happens in the middle region of the tube as one can see from the
plot of the chemical potentials in Figure 5). For this reason, and because of the setup with initial
chemical potential disequilibrium, we note that the solution computed here with activation of full
thermodynamic relaxation (and indicated pTg) does not correspond to a solution of the HEM
model (24). We use 5000 grid cells and we set the CFL number = 0.5. Results for the pressure,
velocity, vapor volume fraction and vapor mass fraction at time ¢ = 0.003 s are displayed in
Figure 4. In all the cases the solution involves two rarefactions going in opposite directions
that cause a decrease of the pressure in the middle of the tube, and correspondingly an increase
of the vapor volume fraction. Let us note that if mass transfer is not activated then the vapor
mass fraction remains constant, and the cavitation process is only mechanical. In contrast, if
mass transfer is activated then the solution involves also two evaporation waves. In this case the
vapor mass fraction increases in the middle of the tube, and moreover here the pressure is driven
to its saturation value, whereas without mass transfer the pressure continues to decrease in the
center of the tube. In Figure 5 we show the equilibrium temperature and the chemical potentials
for the three test cases with instantaneous pressure and temperature equilibrium (pT', pTg(f),
pTg), with or without mass transfer. Computed liquid and vapor temperatures are found to be
overlapped, this proving the ability to numerically impose thermal equilibrium. By observing
the plot of the liquid and vapor chemical potentials we notice the region of chemical potential
equilibrium in the middle of the tube for the pT g-relaxation case, corresponding to the region
of activation of chemical relaxation under the evaporation condition 7' > T, . For the case with
finite rate mass transfer (pT (f)-relaxation) we notice that liquid and vapor chemical potentials
are being driven to equilibrium and their difference is correctly reduced with respect to the case
with no mass transfer (pT-relaxation). In Figures 4, 5 we also plot the exact solution for this
problem of the five-equation pressure equilibrium model (9) and of the four-equation pressure
and temperature equilibrium model (18). We observe good agreement of the results computed
with activation of instantaneous mechanical relaxation with the exact solution of the five-equation
p-relaxed model, and of the results computed with activation of instantaneous mechanical and
thermal relaxation with the exact solution of the four-equation pT-relaxed model. This shows
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the capability of the numerical model to approximate solutions of the limit equilibrium models
in the limit on instantaneous relaxation processes. Let us also observe that the different speeds
of the leading edges of the rarefactions for different levels of activation of relaxation processes
is consistent with the subcharacteristic condition in (26) c,r < c¢,. Note that also in the tests
with phase transition in correspondence of these leading edges the sound speed is the pressure
and temperature equilibrium sound speed c,r (19) (and not c,r, (25), which would be much

smaller), since in these zones chemical relaxation is not activated since T < Ty .

8.2.2. Dodecane liquid-vapor shock tube

We consider here a dodecane liquid-vapor shock tube problem also proposed in [65], which
we solved in [55] with the stiffened gas equation of state. This test involves a unit length shock
tube with an initial discontinuity located at x = 0.75 m that separates a left region filled with
liquid dodecane and a right region filled with vapor dodecane. As in [65], for numerical reasons
each fluid region contains a small amount of the phase that fills the region on the other side
of the discontinuity (@ = 1078). The initial condition consists of two constant states on the
two sides of the discontinuity with pressure p = 10® Pa on the left and p = 10° Pa on the
right. The initial velocity is # = 0, and the initial values of the vapor and liquid densities are
Pvap = 2 kg - m? and Plig = 500 kg - m?, respectively. The liquid and vapor phases of dodecane
are modeled by the NASG equation of state with the parameters given in Table 4. We use
2000 grid cells and we set CFL = 0.5. Figure 6 shows numerical results at time t = 473 us
obtained by employing our numerical model with and without heat and mass transfer effects.
More precisely, we plot results for two different levels of relaxation: instantaneous mechanical
relaxation (p-relax in the plots), and instantaneous full thermodynamical relaxation (pT g-relax).
Let us note that for the latter case thermo-chemical relaxation is activated only at interfaces,
defined by min(ayap, ¢1ig) > €, € = 107, and chemical relaxation is activated under the condition
T > Tg. We can observe for both cases with and without phase transition that the solution
consists of a leftward going rarefaction wave, a rightward going contact discontinuity, and a
shock wave. Moreover, when thermal and chemical effects are activated liquid-vapor phase
change occurs, generating an additional evaporation wave between the rarefaction wave and the
contact discontinuity. This evaporation front produces a liquid-vapor saturation region at higher
speed. Note that the left-going rarefaction occurs in a region of almost pure liquid (ay,p nearly
zero) and, as noted above, only mechanical relaxation is activated in this zone for any case (p-
and pT g-relaxation), hence the phases have different temperatures. Let us also remark that in
this left zone the vapor temperature has no physical meaning, and since the value that it reaches
is unphysically high, of the order of 10% K, we have plotted the temperatures in Figure 6 only
over the physical range with a maximum temperature value of 1200 K, to be able to observe
the relevant liquid and vapor temperature curves. For the pT g-relaxation case the liquid-vapor
transition leads to complete evaporation (handled with the technique illustrated in Section 7.2.3,
see (83)), and on the right end of the interval there is a region of nearly pure vapor. Again, in
this region of nearly pure vapor (aiiq nearly zero) only mechanical relaxation is activated. We
can notice from the temperatures plot in Figure 6 the small liquid-vapor mixture zone where
thermo-chemical relaxation is activated and where thermal and chemical equilibrium is imposed.
This corresponds to the zone where the vapor and liquid temperature curves of the pT g-relaxed
computation overlap around ~ x = 0.83 m (solid and dashed blue lines). In the plots we also
display the exact solution of the five-equation pressure equilibrium model for this problem, and
we observe good agreement with this solution of our results with mechanical relaxation only.
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Figure 4: Water cavitation tube test, results at t = 0.003 s. Pressure p, velocity u, vapor volume fraction @y, vapor
mass fraction Y, for five levels of relaxation. p-relax (violet solid line): instantaneous mechanical relaxation; pT(f)
(dashed light green line): instantaneous mechanical relaxation and finite-rate thermal relaxation; p7 (solid dark green
line): instantaneous mechanical and thermal relaxation; p7T g(f) (dashed light blue line): instantaneous mechanical and
thermal relaxation and finite-rate chemical relaxation; pT'g (solid dark blue line): instantaneous mechanical, thermal, and
chemical relaxation. The exact solution of the p-relaxed model (solid black line) and of the pT-relaxed model (dashed
black line) is also plotted. For better clarity the comparison with these exact solutions for p and u has been displayed
separately in the second row of plots.
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Figure 5: Water cavitation tube test, results at = 0.003 s. Equilibrium temperature 7" and chemical potentials g for
the test cases with temperature equilibrium (results for the liquid and vapor temperature are overlapped so we plot a
single line for 7). pT (dark green line): instantaneous mechanical and thermal relaxation; pTg(f) (light blue line):
instantaneous mechanical and thermal relaxation and finite-rate chemical relaxation; pT'g (dark blue line): instantaneous
mechanical, thermal, and chemical relaxation. In the plot of the chemical potentials g the solid line indicates the liquid
(}) and the dashed line the vapor (v). Results for the liquid and vapor chemical potential for the pT'g case overlap in the
central region. The exact temperature solution of the four-equation pT-relaxed model (dashed black line) is also plotted.

Table 4: Parameters for the NASG EOS for liquid and vapor dodecane in the temperature range 400-600 K

phase | ¥ @ [Pa] nD/kegl | 713/Kg-K) | & I/(Kg-K) | b [m’/ke]
liquid | 1.206 | 1681 x 10° | —996054 0 2532 7.51x107*
vapor | 1.021 0 —384592 -4301 2274 0

8.2.3. Simées-Moreira & Shepherd dodecane evaporation tests

For validation purposes, following [65], we now perform a set of dodecane shock tube
tests similar to the numerical test of the previous section to compare computed results for the
velocities of the evaporation front with the experimental results reported by Simdes-Moreira and
Shepherd [72]. These authors performed tests where liquid dodecane in a tube was suddenly
discharged into a low-pressure chamber by breaking a diaphragm, this depressurizing the liquid
and initiating evaporation. The initial reservoir pressure was about 1 mbar, and tests were carried
out for eight values of the test temperature Ties from 180°C to 300°C. We perform numerical
tests for the same set of temperatures. As done by others authors in the literature [65, 80, 59]
we consider here instantaneous mass transfer and we model liquid and vapor dodecane by a
stiffened gas equation of state, with the parameters for dodecane used in [55], which allow a
good matching with the experimental saturation curve in the considered temperature range. The
temperature value T is initially set everywhere in the tube. In the low-pressure chamber we
set p = 1 mbar as in the laboratory experiments and in the other tube portion the pressure is
set to the saturation value corresponding to Ty, following the setup in [23]. The velocity of the
evaporation front is computed as suggested in [65, 80] as Ugont = ((ou), — (01)5)/ (00 — ), Where
a and b refer respectively to the state after and before the evaporation wave. Averaged values are
taken with results between r = 400 us and ¢ = 500 us. Figure 7 shows the comparison between
the computed and experimental values of the evaporation front velocity for the considered set of
Ttest- Good agreement is observed (similar to the results in [80]).
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Figure 6: Dodecane shock tube test. Results at # = 473 us. Density p, velocity u, vapor mass fraction Y, pressure p,
vapor volume fraction a», vapor and liquid temperatures 7. The density and pressure plots are in semi-logarithmic scale.
p-relax (solid violet line): instantaneous mechanical relaxation; pT g-relax (solid blue line): instantaneous mechanical,
thermal, and chemical relaxation. Only in the plot of the temperatures T} the solid line indicates the liquid (/) and the
dashed line the vapor (v). Moreover, for the pT g-relaxed case (blue) thinner lines indicates regions where one phase is
almost absent. The exact solution of the 5-equation p-relaxed model (solid black line) is also plotted.
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Figure 7: Comparison between computed (blue circles) and experimental (red diamonds) values of the evaporation front
velocity for the set of dodecane evaporation tests performed by Simdes-Moreira and Shepherd [72].

8.2.4. Bartdk’s depressurization experiment

We simulate here the Bartik’s blowdown experiment presented in [5]. This laboratory
experiment consists in the rapid depressurization of a pressurized water pipe initiated by a disk
rupture. The study of this type of blowdown experiment is relevant in particular in the context
of the hazard assessment of water-cooled reactors of nuclear power plants. One characteristic
feature of the flow in this test is the rapid fall of the pressure to a value below the saturation
pressure, so that for a certain time there is metastable superheated liquid, before vaporization
starts. As we observe numerically, to simulate this problem it is important to be able to model
non-instantaneous mass transfer processes. Initially in the tube there is liquid water at a pressure
p = 12.5 x 10° Pa and at temperature 7 = T; = T, = 563.15 K. There is an initial uniformly
distributed small amount of vapor in the tube, with volume fraction @y, = 1073. The tube has a
length of 1700 mm, and it is permanently closed on one side, here the right side. On the other
side, here the left side, the tube is suddenly opened, hence we consider atmospheric pressure
conditions at the left boundary, with p = 103 Pa. We use the NASG equation of state for water
with the parameters in Table 5.

We compute solutions for this test with 1000 grid cells (CFL = 0.5) until a final time ¢ =
17.5 ms (note that in this test we study the very first stage of this type of transient flow). In
Figure 8 we plot results for the pressure history (left) and the vapor mass fraction history (right)
at a fixed location corresponding to the first pressure gauge of the experimental apparatus, at
x = 48 mm. The solid dark blue line represents results obtained by activating instantaneous
heat transfer (¢ — oo0) and finite-rate mass transfer with the mass transfer relaxation function
v expressed by the following relation, which is a modified version of the relations presented in
[21, 16]:

176

y = C,ag'ﬁ(M) . Cr=1Pa-kg?/(s- 1), (84)
Perit — Psat

where peic = 22.0640 - 10° Pa. We observe the qualitative agreement of these results with

the experimental data (black marks #), and in particular the ability of the numerical model to

predict the occurrence of a metastable superheated state with p < pg(T) (region of the pressure
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undershoot), followed by vaporization. In Figure 8 we also plot results computed with no mass
transfer (¢ — oo, v = 0, dashed light blue line) and results computed with instantaneous heat
and mass transfer (¢ — oo, v — oo, solid red line), this being similar to a solution of the
homogeneous equilibrium model (HEM) (pT g-relaxed model (24)). We notice in particular that
the activation of instantaneous mass transfer does not allow the description of metastable states.

Table 5: Parameters for the NASG EOS for liquid and vapor water in the temperature range 350-550 K

phase Y @ [Pa] nl/kgl |7 0/Ke K1« [J/Kg-K] [ b[m’/ke]
liquid | 1.387 | 8899 x 10° | -1244191 0 3202 478 x 107*
vapor | 1.954 0 2287484 6417 462 0
p at P1 Y qp 2t P1
12% — finite—rate mass transfer 001 —finite—rate mass transfer _ ‘
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Figure 8: Bartdk depressurization experiment. Computed results for the pressure history (left) and vapor mass fraction
history (right) at x = 48 mm (location of the first pressure gauge P1 in the experimental apparatus), and comparison
with the experimental results of [5]. Solid blue line: finite-rate mass transfer (v defined in (84)); dash-dot light blue
line: no mass transfer; dashed red line: instantaneous mass transfer (v — o0), similar to a HEM solution. The value
corresponding to the saturation pressure at the initial temperature 7o = 563.15 K is also indicated in the left plot (dashed
fine black line).

8.2.5. High-pressure fuel injector

Finally, we simulate a two-dimensional fuel injector. This test is also a variant of a
test proposed in [65], which we solved in [55] with the stiffened gas equation of state and
instantaneous relaxation processes. We consider a nozzle where liquid fuel (dodecane) is injected
from a high-pressure tank to a chamber at atmospheric pressure. The nozzle has the shape
shown in the plots of Figures 9-10, and it has a length of 10 cm and a height of 4 cm. The
height of the throat is 1.2 cm, and the outer inclination angles of the converging and diverging
chambers with respect to the horizontal direction are 45° and 10°, respectively. We set an initial
discontinuity at x = 0.8 cm between a region of liquid dodecane at a pressure p = 10® Pa and
at temperature 7 = 550 K and a region of dodecane vapor at pressure p = 10 and with phasic
density pyap = 5 kg-m™>. At the initial time, a small amount of vapor is present in the liquid
with aygp = 107, and a small amount of liquid is present in the vapor with aj;q = 107°. Phases
are initially assumed in thermal equilibrium. The dodecane liquid and vapor phases are modeled
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Figure 9: High-pressure fuel injector experiment. Computed results with instantaneous mass transfer for the density p,
the vapor volume fraction ay, the pressure p, the vapor mass fraction Yyp, the velocity field u, and the liquid temperature
T at time ¢ = 0.0006 s using a 400 x 160 grid.

by the NASG EOS with the parameters in Table 4. In this experiment we activate instantaneous
heat and mass transfer at interfaces defined by min(ayap, aiiq) > €, with € = 0.9 X 1074, We
assume instantaneous thermal relaxation (i} — o), while we use different values of the chemical
relaxation parameter v. In Figure 9 we plot results computed with instantaneous heat and mass
transfer at a time at which stationary conditions are approximately attained for the mixture
density, the vapor volume fraction, the pressure, the vapor mass fraction, the velocity field, and
the liquid temperature. For these results we have used 400 x 160 grid cells and CFL number =
0.4. In Figure 10 we plot results at three different times for the vapor mass fraction computed
by using four different values of the chemical relaxation parameter v [Pa - kg?/(s - J?)], v = 0 (no
mass transfer), v = 0.1, v = 25, v — +co (instantaneous mass transfer). For the results in this
Figure 10 we have used 200 x 80 grid cells and CFL number = 0.4. Note that we can compare
results for the vapor mass fraction at # = 0.0006 s obtained for the test with instantaneous mass
transfer with two different mesh sizes, see Figure 9, plot at the center-right, and Figure 10, plot
at the center of the bottom row. Overall the results of this numerical test show the capability of
the numerical model to simulate mass transfer processes of arbitrary rate, from slow to very fast
processes.
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Figure 10: High-pressure fuel injector experiment. ~ Computed vapor mass fraction Yy,, at times t =
0.00027, 0.0006, 0.0012s (columns from left to right) for v = 0, v = 0.1, v = 25, v — +o0 (rows from top to bottom),
using a 200 x 80 grid.
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9. Conclusions

We have proposed new efficient numerical techniques to treat the mechanical, thermal,
and chemical relaxation source terms of the single-velocity two-phase flow model (1) that
we have presented in previous work [55]. The new techniques are based on analytical semi-
exact exponential solutions of the systems of ordinary differential equations used to model
the relaxation processes, and they have two significant features: the applicability to a general
equation of state, and the capability to describe arbitrary-rate heat and mass transfer. These
relaxation procedures also ensure a mixture-energy-consistent scheme. The procedures are
simple, and for equations of state that can be written in the form of the Mie—Griineisen EOS
they do not need iterative methods. In general, for more complex equations of state, only the
mixture energy equation (43) that defines implicitly the equilibrium mixture pressure might need
an iterative solution method. The relaxation techniques for heat and mass transfer can robustly
handle both stiff instantaneous processes and non-stiff slow finite-rate relaxation processes. This
is an important improvement with respect to our previous work [17, 18]. Let us also note
that, by construction, the techniques that we have proposed for the six-equation model (1) can
be used to treat relaxation terms of the p-relaxed (9) and pT-relaxed (18) models, when one
solves these models directly (see for instance the application to the pT-relaxed model in [20]).
Several numerical tests show the effectiveness of the new relaxation techniques. We have first
observed the good performance of the numerical model in problems with interfaces and strong
shocks and complex equations of state. Then we have shown the ability of the methods to
describe finite-rate mass transfer processes, which for instance is essential for predicting the
occurrence of metastable superheated liquid in fast depressurization problems. The capability
of approximating efficiently solutions to the p-relaxed and pT-relaxed models in the limit of
instantaneous mechanical and thermal relaxation has been also demonstrated numerically.

Concerning future work, one objective is to couple the new relaxation techniques with a Table
Look-up Method similar to the one that we have developed in [16, 18] to employ a very precise
equation of state for water, the IAPWS Industrial Formulation 1997 for Water and Steam [77],
for applications to two-phase flows in fast depressurizations. Moreover, we plan to extend the
proposed relaxation techniques to the three-phase flow model that we have presented in [56], in
particular for applications to underwater explosion problems.
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A. Derivation of the p-relaxed model

In this section we derive the p-relaxed model in (9) from the two-phase model in (1). For
simplicity, we shall consider the one-dimensional case d = 1. We follow in particular the
technique of Murrone—Guillard [49] to derive the 5-equation model from the seven-equation
model (see also [10]). First, we write the system (1) in one dimension in terms of the vector of
primitive variables w € R® as:

ow+Aw)ow = %S”(w) + Dd(w), (85a)
35



where 7 = ﬁ (@ is an arbitrary reference quantity to non-dimensionalize u), and
[ ay ] [ u 0 0 0 0 O
1 0 u 0 p 0 0
02 0 0 u p 0o 0
w= It A= ,_p 00 x m @ (85b)
p PP
p1 0 0 0 plc% u 0
| p2 | | 0 0 0 pzcg 0 u
P1— D2 0
—2(p1 - p2) -
P2 M
o (P1—Dp2) -
V=i = , D= ” 85
Iz 0 0 (85¢)
—=[M1(& + p) + x1p11(p1 = p2) DQ+ (Mg +x) 2
=&+ po) + x2021(p1 = p2) | | -2Q- g +x) Y|

We are interested in the behavior of the solutions of (85) in the limit 7 — 0% (u = % — +00).
We expect that these solutions are close to the set 2l = {w € R®; ¥(w) = 0}. We assume that the
set of equations ¥ (w) = 0 defines a smooth manifold of dimension L and that for any w € U we
know a parameterization = (the Maxwellian) from an open subset 2 of R” on a neighborhood of
win . Foranyv e Q C RE the Jacobian matrix dZ, is a full rank matrix, moreover, the column
vectors of d=, form a basis of ker(¥’(Z(v))) [49]. Now let us define the matrix C € R%*6:

C=[dz!...dz"v'. . voh (86)
where d=!, ... ,d=" are the column vectors of d5, and {V',..., V% L} is a basis of the range of

P’(Z(v)). Based on the observations above, the matrix C is invertible. Let us now denote with
P the L x 6 matrix composed of the first L rows of the inverse C~'. We have also the following
results (see [49]):

Pd5,=1; and P¥'(E() =0, 87)

where [[; denotes the L X L identity matrix. Now to obtain a reduced pressure equilibrium model
we look for solutions in the form w = Z(v) + 7z, where z is a small perturbation around the
equilibrium state = (v). Using this into the system (85) we obtain

(EW) + AEW)NI(EW) = P (EW) z = PEW)) + O(T). (88)

Multiplying the above equation by P, by using (87), and by neglecting terms of order 7, we obtain
the reduced model system:

0v + PA(E(v))d=,0,v = PO(E(v)). 89)
In the limit of instantaneous pressure relaxation we have p; = p,, hence the vector of the

variables of the reduced pressure-relaxed model is

v = [a,p1,p2 1 p]" € R (90)
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Note that here L = 5. The equilibrium state Z(v) is defined by:

—_

Z:v— EO) = [a1,p1,p2 1, p, p]" € RC. 1)

The Jacobian d=, € R® of the Maxwellian is:

0
I4
d=, = 0 92)
0o ... 0 1
0o ... 0 1
A basis V' € R®, for the range of ¥’(Z(v)) is found as
1
_p1
ay
&
vi=f %= . 93
0 (93)
—%C%
e

Hence we can construct the matrix C € R%¢ (86), compute the inverse C -1 and finally obtain
the matrix P € R>® by taking the first 5 rows of C~!. We find:

) M
D D

_p@m o pim
I D D

4 par _ pa

pP= b b (94)

0 0
2 2

0 L. 0 P26y piciaz
D D

where D is given in (10). Finally, the reduced p-relaxed multiphase flow model in (9) is obtained
from (89) by using the above expression of the matrix P and by evaluating the matrix A and the
source term @ in the equilibrium state Z(v) in (91). Let us also note that we use the relations
Xk = ci — I'yhy in the entries of @ in (85¢).

Remark. In our previous work [55] an additional source term of the form M/p; was written
in the equation for the volume fraction @; of the six-equation two-phase model (1), with p;
representing an interface density. Similar to [24], this term is not included in the present model.
The purpose of the term M)/py in [S5] was to indicate the influence of the mass transfer process
on the evolution of the volume fraction. Nonetheless, the rigorous derivation of the pressure-
relaxed model (9) from the system (1) shown in this Appendix reveals that indeed mass transfer
terms affect @ via the pressure relaxation process, as we observe from the contribution of M
appearing in (9a). Note that the presence of the term M)/p; eventually does not affect the
numerical model and the numerical results presented in [55] since there v = 0 or v — +oo,
and the procedure for treating instantaneous chemical relaxation consists in imposing directly
algebraic thermodynamic equilibrium conditions.
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B. Source terms of the pT-relaxed model

We derive here the expressions (23) appearing in the mass transfer source terms of the four-
equation pT-relaxed model (18) starting from the ordinary differential equations obtained from
(18) for the partial densities and the mixture internal energy:

d(ar1p1) = M, (95a)
d(azp2) = -M, (95b)
0,5=0. (95¢)

Now we determine the source terms corresponding to the equations for the volume fraction
a1, the equilibrium temperature T, and the equilibrium pressure p. To this aim, we write the
transformation matrix %, where

a1p1 a1p1(p,T) ai
Gg=| ap2 |= (I —app2p,T) , and w=| T |. (96
& a1&1(p, T) + (1 —a)&(p, T) p
We have:
dg o1 a1 @1
dw | TP @b b 7
E-&E Cg Cgr
where ¢y and ¢, are the derivatives defined in (16) (with Ty, = T, px = p, k = 1,2) and
0&; 08,
Cgp =a (ﬁ) +ay (ﬁ) , (98a)
p P
& &
Cer = ay (—1) + (—2) . (98b)
op ); op );
The system of ordinary differential equations for w = [a;, T, p]" is then obtained as
di\~! M So
dw = (d—") M [=M| S |, (99)
W 0 S,
where
1
Se = D—[Csr(al¢1 + @) — Cepla1d1 + a2dd)], (100a)
T
1
Sr = D—[Csr(pz —p1) + (&1 — ENadt + aadd)], (100b)
T
1
S, = D—[Csp(m —p2) — (&1 = E)a1 ¢ + aahr)], (100c¢)
T

with D7 given in (23d). Note that we can write the derivatives of &y(px, Tx) appearing in the
expressions above as:

(&

& 1
) =g, (_k) =—(-xd) . k=1.2. aon
aTk Di Tk

Opx T
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2 i .
Using this, together with &; — &, = p1h) — p2h; and hy, = Ckr:“ , we can rewrite the numerators of

(100) and we obtain the expressions reported in (23). Let us remark that the derivation illustrated
above can be extended to the case of constant temperature difference 7, -7, = AT by considering
the variables associated to the phase k as functions of p and T} and by taking for instance w =
[a1, Ty, p]¥, with the constraint T, = T + AT, AT = constant. Let us finally note that the
derivation of the homogeneous equations for a;, p, T and u of the four-equation pT-relaxed
model (23) from the seven-equation Saurel-Abgrall model [60] in the limit of instantaneous
velocity, pressure, and temperature equilibrium has been presented in [20].

C. HLLC-type Riemann solver

We detail here the simple HLLC-type Riemann solver that we use to define the fluctuations in
the wave propagation scheme (44) for the one-dimensional system d,q + 0, f(q) + 0(q,0.q) = 0,
g € R®, as obtained by setting # = u and V = 9, in (37). We first presented this solver in
[55]. Here we give more details on the derivation since the illustration of the derivation in [55]
contained some imprecision (although the final formulas were correct). First, let us recall the
requirements for the waves W! and speeds slil=1,...,.#, defined by a Riemann solver for a
Riemann problem with left and right data g, and g, respectively. The sum of the waves must be
equal to the initial jump in the vector g of the system variables:

WA
Ag=q,~qc= ) W (102)
=1

Moreover, for any variable of the model system governed by a conservative equation the initial
jump in the associated flux function must be recovered by the sum of waves multiplied by the
corresponding speeds. In the considered model the conserved quantities are aypox, k = 1,2, and
pu, therefore in order to guarantee conservation we need:

sfW© (103)

M
AF€ = f9an - fa0 =

=1

for & = 2,3,4, where f© is the &th component of the flux vector f, and ‘W'® denotes the
&th component of the /th wave, [ = 1,...,.#. Tt is clear that conservation of the partial
densities ensures conservation of the mixture density p = Z/%:l apk. In addition, we must ensure
conservation of the mixture total energy,

Afe = fe(gr) - filg) = ) s(WS + W), (104)

M
=

1

where fg = u(E + Zl%:l aypy) is the flux function associated to the mixture total energy E. The
relation (104) ensures the fulfillment of the property (42), and it is necessary for mixture-energy-
consistency (but not sufficient).

The Riemann solution structure of the HLLC-type solver for the six-equation model is similar
to the classical HLLC solver for the Euler equations [76, 75], and it consists of three waves ‘W' !
[ =1,2,3, moving at speeds

s'=S,, $¥=S8*, and s =85,, (105)
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Figure 11: Solution structure of the HLLC-type solver.

which separate four constant states g, ¢*¢, ¢*" and g, (see Figure 11). In the following we will
indicate with (-), and (-), quantities corresponding to the states g, and g,, respectively. Moreover,
we will indicate with (-)*¢ and (-)*" quantities corresponding to the states g*‘ and ¢*" adjacent,
respectively on the left and on the right, to the middle wave propagating at speed S*. With this
notation, the waves of the HLLC solver are

W' =g —q;, W =¢"-¢*, and W’=gq,-q". (106)

Invariance conditions for the normal velocity u and for the effective pressure py, = a1 p; + @2p2,
which characterize the exact Riemann solution, are imposed across the middle wave:

and pX' = pr=p*. (107)

u*é’ — u*r = S*
Let us stress however that the single terms a;py in general vary across this middle wave. The
middle states g*‘, g*" are determined by imposing Rankine-Hugoniot conditions across the
external waves moving at speeds S, and S,, based on the equations for the partial densities
apr and the conservative portion of the equations governing the phasic momenta apou and the
phasic total energies ayorEr, kK = 1,2. Note that the homogeneous equations governing the
phasic momenta g, = aypiut, k = 1,2, have the non-conservative form (here in one dimension):

Ogy + 0. ff + (=D"'E(q.0:9) =0, k=1,2, (108)

where fi' = axpru® + axpr and 2(q,0.q) = Y10:(a2p2) — Ya0x(@1p1) = Y10xpm — O(@1py) =
—Y20,pm + 0x(@2p2), as defined in (1g). Hence we impose:

9 - 19" = 5.¢° - ¢*"®), £=2,3,5,6, (109a)
fian) - f4q*) = S g\, — 4", (109b)
19" = 990 = Seq™® ~q). £=2.3.5.6, (109¢)
£4q* - a0 = S (g — 44, (109d)

where ¢© and f© are the components of g and f(g) (see (37b) in the d = 1 case). Let us remark

that in writing the conditions above (109) we neglect the contribution of the non-conservative

terms = appearing in the phasic momentum and energy equations. We observe however that the
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conditions (109) imply correct Rankine—Hugoniot conditions for the conservative equations for
the mixture momentum pu and the mixture total energy E (and hence (42) is satisfied).

The Rankine—Hugoniot conditions for the partial densities (109a) and (109¢c), & = 2,3,
determine the intermediate partial densities. Then the conditions for the conservative portion of
the phasic momentum equations (109b) and (109d) determine the intermediate partial pressures:

(p)™ = (@pi). + (@p) (S —u)S™ —u), ¢=1{r, (110)

where we have also used the invariance relation for the velocity in (107). Then, using these
expression in the invariance relations for the effective pressure in (107) we obtain the expression
for the speed S *:

_ pr—Ppetpeue(Se—ue) — pru(S, —uy)

pé’(SZ - M[) _pr(Sr - ur)

where we have used py, = p¢ and pn, = p, since initial Riemann states are characterized by
pressure equilibrium. A definition for the wave speeds must be provided, see e.g. [75, 6]. One
classical and simple definition proposed by Davis [15] is

S* , (111)

S =min(us — cgp, Uy — Cpr) and S, = max(ug + cgr, Uy + Ctr), (112)

where c¢¢ is defined in (4). Another more robust definition has been proposed for instance by
Bouchut [8] (see [19]). The Rankine—Hugoniot conditions for the conservative portion of the
total energy equations (109a) and (109c), & = 5,6, together with (110) determine then the
intermediate states for the total energies. Finally, we observe that the exact Riemann solution
is characterized by the invariance of the volume fraction across the external waves (the volume
fraction is simply advected):

aff =ayy  and @} =ay, k=1,2. (113)

Hence the solution structure for the volume fractions @; simply consists of single jumps @ ,— ¢
across the 2-wave moving at speed S*. As we reported in [55], the expressions for the middle

states are:
aq,
SL_ L
(@1p1) 5%
(@2p2) 5555
*U T
q- = S,—u, ox 5 (114)
s E pLSL_S*S
U 1, * * Pl
(@1p1)i5, 5+ (E (ST - (57 pl,,(sl—m))

Si—u, (Eax * _ * P2
(@2p2). 55+ (pz,L +(ST —um) (S t oS

¢ = {,r. Note that in the above formulas p, = p,, k = 1,2, since initial Riemann states satisfy
pressure equilibrium conditions. As seen above the Rankine—Hugoniot conditions are satisfied
by construction for all the physically conserved quantities across the external waves. We now
also observe that Rankine—Hugoniot conditions are satisfied for the conserved quantities across
the middle wave:

f(é“)(q*r) _ f(f)(q*[) — S*(q*r(f) _ q*[(f)) , E= 2.3.4, (115a)
@) - A = SHE - E*Y), (115b)
where £ = (E + a1 p1 + a2p»)u is the flux function associated to the mixture total energy E. Let

us remark that instead Rankine—Hugoniot conditions for the conservative portion of the equations
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of the non-conserved quantities agpru and o Ey hold by construction across the external waves,
but do not hold in general across the middle wave. This was inexactly reported in [55], where we
incorrectly wrote Rankine—Hugoniot conditions for the phasic energies a;E across the middle
wave. As a final summarizing remark, we note that the simple HLLC-type solver illustrated here
is obtained by neglecting the non-conservative term = appearing in the phasic energy equations
and in the phasic momentum equations in the jump conditions for the external 1-wave and 3-
wave of the Riemann solution, but not for the 2-wave. The solver construction implies indeed
an approximation of the non-conservative terms in the jump relations for the middle wave which
can be deduced by observing:

SRy = F4 0@ = (Ex + awp)*” — (@Ex + axp)*)S ™ (116a)
= §*(q*" P — g0+ S*((p)*” — (@ep)*’), k=1,2. (116b)

We find that the contribution to the jump across the 2-wave representing the non-conservative
term is approximated by this HLLC solver as

=S*(axp)™ = (@p)*)- (117)
This is a a reasonable approximation since across the 2-wave p, = constant, hence the non-
conservative term = in (1g) reduces to & = —d,(a1p;) (and —=5 = d,(a;p1) = -0 (az2p>)), and

(117) can be then considered as a jump across the middle wave associated to the non-conservative
terms —ud,(axpr), k = 1,2. Let us finally remark that the simple HLLC-type that we have
illustrated above belongs to a more general class of HLLC-type Riemann solvers for the six-
equation two-phase flow model (37), which we have introduced and assessed in [19] by defining
a Suliciu-type Riemann solver.

D. Pressure invariance at interfaces

It is well known that finite volume conservative schemes for compressible flows may produce
spurious pressure oscillations at contact interfaces, as first investigated in [1]. This problem can
be easily observed for multi-component flow models, however it appears also when computing
single-component flows when non-linear equations of state are used. Indeed this issue is a
consequence of the cell-based description of the discrete solution, together with the choice of
the conserved variables as principal variables, since the pressure derived from the cell-averaged
conserved quantities might differ from the uniform pressure value across contact discontinuities
(see e.g. discussion in [52]). Typically the choice of pressure laws linear in the density and the
internal energy per unit volume allows one to avoid difficulties. For more complex equations
of state different strategies can be devised, for instance hybrid conservative/non-conservative
methods or methods that introduce additional variables to be used in the pressure updating
[32, 1, 2, 69, 70, 71, 51, 38]. Here we show that the pressure relaxation procedure presented
in Section 7 allows us to ensure velocity and pressure invariance at material interfaces at least
when the stiffened gas equation of state is used (which is linear in p and &). Hence we consider
here for each phase the pressure law (27) with constant parameters I'(p) = I, £.(p) = &.(p),
Prp) = pr: )

Poi, &) = T'i(Ex — pk&ni) + Pric - (118)
Following [1], let us consider an isolated material interface moving in a flow with uniform
velocity # and uniform pressure p. For simplicity we assume &# > 0, but the proof below can
be analogously written for it < 0. We consider the one-dimensional case along the x direction.
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Proposition. 1f at time level n we have u! = i and p! = p, Vi, then the computation by the
first-order numerical scheme with instantaneous pressure relaxation (44), (57), (59) at time level
n+1gives ' = itand p/*' = p, when the linear equation of state (118) is used for each phase.

Proof. (i) Solution of the homogeneous system by the wave propagation scheme (44). The
hypothesis 4! = @ and p! = p implies that for each Riemann problem at the interface i + 1/2

between the cells i and i + 1 the first and third HLLC waves are "W}H n= (Wi3+1 n= 0, based on
2

(114). Hence the HLLC Riemann solution structure at i + 1/2 consists of a single 2-wave ‘Wl 1)
moving at speed 51'2+1 n= S*, p =l (based on (111)). Hence the updating formula (44) becomes

(omitting here second-order corrections):

A A
O = Q- WO - 0L = (1 -€00) + &L, &= (119)

Therefore, first we easily verify

1
n+l _ (pu):H—

! n+1

Pi

=a, Vi. (120)

Note that this results for the velocity invariance holds in general for any pressure law. Then we
compute the phasic pressures of the homogeneous system solution step by using the equation of
state above (118):

. N
Pt = — (M(@&)! = (! '80)) + P = P, Vi, k=1,2. (121)

n+1
ik
(ii) Pressure relaxation step and pressure update. Since the solution of the homogeneous
system gives (p?)i = (pg)i = p for each cell i of the computational domain, the relaxed volume
fraction @ (57) computed in the mechanical relaxation step is (a7); = (a?),- = (1—§c)0/,’,,-+§ca'{ iy
Finally, the updated mixture equilibrium pressure is, based on (59) with (118):

0 = 0 =
0 0z 0z @y;Pri @ iPr2
1 & - ((a’]pl)i &r1 + (a202); 8r2) + (_f] + =5 )
o 122a
! Pi of, | ( )
T

# (0 -&alp+ &l 1p) + F (0 = €003,p + £t 1)

L
I
L -oa, + &y, )+ (- Eay, +Eas, )

= p, Yi(122b)

O

Although the pressure invariance is proven here only for a linear equation of state, we have
observed numerically by performing numerous tests that no oscillations appear around material
interfaces for more general nonlinear pressure laws of the form (27).
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